ABSTRACT Metagenomics of marine sediments has uncovered a broad diversity of new uncultured taxa and provided insights into their metabolic capabilities. Here, we detected microbial lineages from a sediment core near the Jiulong methane reef of the northern South China Sea (at 1,100-m depth). Assembly and binning of the metagenomes resulted in 11 genomes (Ͼ85% complete) that represented nine distinct phyla, including candidate phyla TA06 and LCP-89, Lokiarchaeota, Heimdallarchaeota, and a newly described globally distributed phylum (B38). The genome of LCP-89 has pathways for nitrate, selenate, and sulfate reduction, suggesting that they may be involved in mediating these important processes. B38 are able to participate in the cycling of hydrogen and selenocompounds. Many of these uncultured microbes may also be capable of autotrophic CO 2 fixation, as exemplified by identification of the Wood-Ljungdahl (W-L) pathway. Genes encoding carbohydrate degradation, W-L pathway, Rnf-dependent energy conservation, and Ni/Fe hydrogenases were detected in the transcriptomes of these novel members. Characterization of these new lineages provides insight to the undescribed branches in the tree of life.
described in terms of metabolisms and adaptive strategies in estuary and marine sediments (11, 12) . However, marine sediments are vast diverse habitats, and many niches with special geological settings are left to be explored with newly developed metagenomic and metatranscriptomic approaches.
The South China Sea (SCS) is an oligotrophic marginal sea that is situated in the convergent zone between the Eurasian, the Australian, and the Pacific plates (13) . The northern SCS slope was formed by continent rifting and subsequent crustal extension (14) . Subseafloor spreading in the SCS began from the northernmost part, followed by southeastern and western parts for more than 40 million years. This resulted in crustal breakup and associated magmatic activities (15) , which often left faults beneath the sediments on the northern SCS slope as channels of solutions from magma (16, 17) . However, there is no strong evidence of volcanic activities in the northern SCS at present. The northern SCS slope is the major area for exploration of oil and gas hydrates (18) . Methane seepage, chemosynthetic fauna, and methane-derived carbonate structures have been observed in the northern SCS slope, such as the Jiulong methane reef (19, 20) . Anaerobic methanotrophic archaea (ANME) and associated sulfur-reducing bacteria were identified in the Jiaolong cold seep (21) . There are perhaps other novel microorganisms with unique metabolic activities due to the unusual geological settings. In 2008, Han et al. imaged and analyzed large numbers of tubular carbonates and chimneys at sites 1 and 2 near the Jiulong methane reef ( Fig. 1 ) (22) , indicating active geochemical activities are ongoing under the marginal slopes.
However, our knowledge of the microbial diversity of the cold seep sediments in the north SCS is largely based on culturing and single-gene surveys. In 2015, we obtained a gravity core from the B3 site near sites 1 and 2 ( Fig. 1) . We employed mineralogical characterization, 16S rRNA gene sequencing, metagenomics, and metatranscriptomics to characterize the sediment samples of the deep-sea site near the Jiulong cold seep reef. The sediment samples exhibited distinct mineralogical components from the seep carbonates, revealing different microbial activities from the cold seep areas. The Lokiarchaeota and Heimdallarchaeota detected here, belonging to Asgard superphylum, are close relatives of eukaryotes and are frequently reported in anoxic marine sediments worldwide (23) (24) (25) . The acetogenic, strictly anaerobic bacteria Aerophobetes, which may fix CO 2 and conserve energy by the Wood-Ljungdahl (W-L) pathway (26, 27) , are the most abundant group based on their coverage in metagenomic data. Candidate phyla LCP-89 and B38 (undescribed phyla) were also identified. Interestingly, most of these species are involved in carbon fixation through the W-L pathway or ribulose-1,5- Acidobacteria (Fig. 3) . A MAG (B3_TA06) from candidate phylum TA06 was also obtained.
Another two 16S rRNA sequences from the MAGs, B3_Chlor and B3_Pla, were classified Chloroflexi and Planctomycetes, respectively. However, the similarity of 16S rRNA genes to those of known species was low (85% similar to that of Litorilinea sp. of Chloroflexi; 82% similar to that of Phycisphaera sp. in Planctomycetes). Based on this 16S rRNA similarity, they were unclassified Chloroflexi and Planctomycetes in the B3 samples. The MAGs of Aerophobetes (Ae_b3a and Ae_b3b) have nearly full-length 16S rRNA genes that share a similarity of 92%. According to taxonomic thresholds (30) of 16S rRNA gene sequences, they should be assigned to different families. The average nucleotide identity (ANI) of two Aerophobetes MAGs (Ae_b3a and Ae_b3b) is 72.5%.
FIG 2
Maximum likelihood phylogenetic tree based on 16S rRNA genes. Bootstrap support is indicated by the size of the black dots, and only those for values Ͼ50% are shown. 16S rRNA genes for these candidate phyla were derived from MAGs and collected from NCBI (accession numbers in Table S6 in the supplemental material).
Four nearly complete archaeal MAGs for Woesearchaeota (B3_Woes), Lokiarchaeota (Loki_b31 and Loki_b32), and Heimdallarchaeota (B3_Heim) were obtained. The ANI of the two Lokiarchaeota MAGs is 69.5%. The related lineages were dwelling in anoxic sediments (23, 25, 31) .
The relative abundance of each MAG in the metagenomes of the two layers was estimated from the metagenomic coverage information. Aerophobetes MAG (Ae_b3a) was most abundant, accounting for 2.3% and 3.9% of genomic sequencing reads in B3-1 and B3-2, respectively. The Planctomycetes and Chloroflexi MAGs were also the (Table S2) in Archaea and Bacteria were used to generate a maximum likelihood tree by raxmlGUI (PROTCATLG model and 1,000 replicates). Bootstrap support is indicated by the size of the black dots, and those representing Ͼ50% are depicted.
abundant members in B3-1, accounting for 2.1% and 1.1%, respectively. Other major species in B3-2 harbored B3_Chlor (3.6%), Ae_b3b (1.9%), and Loki_b31 (1.1%) (see Fig.  S4 ). In total, the microbes of these nine phyla in the metagenomes contributed to 7.8% and 12.9% of the sequencing reads for B3-1 and B3-2, respectively. The distribution of these MAGs in different layers is relatively consistent with that based on analysis of the 16S rRNA gene amplicons.
To examine the worldwide distribution of the phyla detected in B3, we collected 16S rRNA genes from NCBI nucleotide databases with query identities higher than 85% and included them in phylogenetic trees. Bacteria of candidate phyla B38, TA06, and LCP-89 generally inhabit anoxic sediments in hydrothermal vents, cold seeps, and methane hydrate-bearing subseafloor sediments worldwide (see Fig. S5 ). The 16S rRNA-based tree showed that species of candidate phyla B38 and TA06 from B3 were also identified in the clones isolated from nearby subseafloor of the Taiwan Strait. This is also true for Lokiarchaeota and Heimdallarchaeota (see Fig. S6 ). In the lokiarchaeotal tree, the 16S rRNA genes from MAGs Loki_b31 and Loki_b32 do not neighbor Lokiarchaeum GC14_75 from Arctic Mid-Ocean Ridge reported previously (23) (Fig. S6A) . The sedimentary genotype of TA06 was previously obtained from estuary sediments (11) . However, the deep-sea type is distinct.
Potential metabolic capabilities of candidate bacterial phyla from SCS. To begin to understand the physiological capabilities of the uncultured lineages, their predicted proteins were compared to a variety of function databases (see Materials and Methods). This revealed that candidate phylum B38 (MAG B3_B38) appears to be able to utilize a variety of organic compounds. A set of genes encoding a cross-membrane phosphotransferase system (PTS) for the uptake of mannose was identified in B3_B38 as a potential source of organic carbon. B3_B38 also contains several genes for periplasmic dipeptidase/aminopeptidase for the uptake of amino acids. We identified genes related to KDO 2 lipid IV A and peptidoglycan synthesis pathways, which are the components of outer membranes and cell walls, respectively. KDO 2 lipid IV A may aid bacterial virulence as well. B3_B38 encodes all the steps for the glycolysis pathway, except it lacks a phosphofructokinase gene. It also contains all the steps for the citrate acid cycle (TCA cycle), except for an aconitate hydratase gene. The conversion of pyruvate to acetyl coenzyme A (acetyl-CoA) may be catalyzed by pyruvate:ferredoxin oxidoreductase (PFOR), as genes encoding PFOR subunits were detected in B3_B38. Acetyl-CoA might be reduced to ethanol as indicated by the identification of an alcohol dehydrogenase gene. B3_B38 also contains the genes for NADH respiration complexes I and II.
Genes encoding a sulfate transporter and sulfate adenylyltransferase (SAT), which work at transporting and activating sulfate or selenate, are present in B3_B38 (32) . Sulfate and selenate reductase genes were missing in the MAG. However, selenite might be further reduced by thioredoxin reductase to produce hydrogen selenide and was probably integrated into amino acid as selenocysteine (Sec), as the related genes were detected (Fig. 4) . B3_B38 harbors genes for Sec protein biosynthesis, including SelA (selenocysteine synthase), SelB (selenocysteine-specific elongation factor), and SelD (selenophosphate synthase). Moreover, a selenocysteine insertion sequence (SECIS) was also identified (see Fig. S7 and Table S3 ), which is a necessary mRNA motif for selenocysteine cotranslational insertion into selenoproteins (33) . Usage of Sec as the 21st amino acid in proteins has been recorded in all three domains of life (34) . Most of the selenoproteins in prokaryotic selenoproteomes are redox proteins. Sec in these proteins either coordinates with redox-active metal (nickel, molybdenum, or tungsten) or catalyzes redox in Sec:thiol (35) . Sec is superior to Cys in improving the catalytic efficiency of and maintaining stability in the redox reaction (36) . However, only one putative selenoprotein-coding gene was located in B3_B38.
This bacterium also appears to be able to generate hydrogen. The respiration complexes I and II of B38 presumably accumulate reduced quinol (QH 2 ), which might be used to generate hydrogen via methyl viologen-reducing hydrogenase complex (MvhADG). This process is also perhaps associated with oxidation of coenzyme M (CoM-SH) and coenzyme B (CoB-SH) by HdrABC (37) (Fig. 4) . Therefore, the genomics of the candidate phylum B38 indicates that it is a hydrogen producer.
Metabolic inference from the genome of candidate phylum LCP-89 indicates that it may be able to lead a mixotrophic lifestyle. The W-L pathway, except for formatetetrahydrofolate ligase and formate dehydrogenase, for CO 2 fixations is present in the B3_LCP MAG. Genes encoding cellulase, gingipain (extracellular cysteine proteinase), and membrane aminopeptidase were also detected (Table S3) . Genes encoding glycolytic and TCA cycle pathways for heterotrophic growth are complete in the B3_LCP MAG (Fig. 4) . Acetyl-CoA may be generated from pyruvate by PFOR by LCP-89. Genes encoding phosphate acetyltransferase (PTA) and acetate kinase (ACK) were detected, suggesting that it is capable of acetate production. It has been reported that the PTA-ACK pathway has an impact on ATP levels, stress tolerance, and oxygen tolerance (38) . Acetyl-CoA might be turned into butanoate, as the gene encoding butyrate kinase is present. The alcohol dehydrogenase gene was also identified, suggesting that the organisms are also able to produce ethanol. Genes encoding canonical NADH phosphorylation respiration chains, including complexes I, II, and IV, were also identified in the MAG.
B3_LCP encodes a sulfate transporter, SAT, adenylylsulfate reductase (AprAB), and dissimilatory sulfite reductases (DsrABCD) (Fig. 4) . Phylogenetic analyses of the DsrAB proteins revealed monophylogeny of the homologs from LCP-89 and other sulfatereducing organisms (see Fig. S8 ), suggesting that the LCP-89 bacterium is probably capable of dissimilatory sulfate reduction. Furthermore, the B3_LCP MAG has genes with homology to those involved in the synthesis of siroheme for the six-electron reduction of sulfite to sulfide (39) (Fig. 4) . B3_LCP also encodes ABC transporters for uptake of Fe 2ϩ that is requisite to the Fe 4 S 4 center of siroheme complex (40) . Similar to the B3_B38 MAG, the B3_LCP MAG might carry genes for selenocompound metabolism. Genes encoding SECIS, SelA, SelB, and SelD are present in this genome as well. The B3_LCP also seems to enable nitrate reduction, since it contains several genes that encode periplasmic subunits of nitrate reductases NapABDGH ( Fig. 4 and Table S3 ).
The ecological roles of the candidate phylum TA06 are still largely unresolved, but draft genomes have been reconstructed from a shallow estuary (11) . The candidate phylum TA06 MAG (B3_TA06) (ϳ91.9% complete) was recovered from B3. B3_TA06 has a phosphoenolpyruvate carboxykinase gene, which suggests its capacity for gluconeogenesis. However, B3_TA06 contains mannose transporter (PTS) genes, indicating that the organisms are able to import external carbohydrates. TA06 might produce or utilize ethanol by using an alcohol dehydrogenase encoded by the MAG.
ATP generation driven by the ion gradient is essential for the survival of organisms. Several cross-membrane transport complexes function to produce the proton gradient. The SCS B3_TA06 genome encodes the Rnf complex (electron transport complex). This process can associate the oxidation of ferredoxin with the reduction of NAD ϩ to NADH. B3_TA06 encodes the Mrp complex, a primary cross-membrane Na ϩ /H ϩ antiporter in Bacteria (41) . The Mrp complex encoded in the B3_TA06 MAG might help to achieve homeostasis of their cells.
We identified genes encoding one NiFe hydrogenase (␣␤␥␦ subunits) in B3_TA06, in which the large subunit was clustered with group 3b tetrameric bifunctional hydrogenases ( Fig. 5) (12) . Such a group 3b NiFe hydrogenase could carry out a bifurcating reaction for hydrogen production whereby NAD(P)H and protons are consumed simultaneously (42) . The NAD(P)H might be supplied from sugar fermentation. Thus, TA06
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by a red arrow. PTS system, phosphotransferase system; CRISPRS-Cas, prokaryotic defense mechanism against foreign genetic element; Nap, periplasmic nitrate reductase; SAT, sulfate adenylyltransferase; Apr, adenylylsulfate reductase; Qmo, quinone-interacting membrane-bound oxidoreductase complex; Dsr, dissimilatory sulfite reductase; APS, adenosine 5=-phosphosulfate; FD ox , oxidized ferredoxin; FD red , reduced ferredoxin; Q/QH, ubiquinone-reduced ubiquinone; NirB, assimilatory nitrite reductase large subunit; Rnf complex, electron transport complex; Mrp, multiple resistance/pH regulation Na ϩ /H ϩ ; SDF, sodium dicarboxylate symporter family; THF, tetrahydrofuran; TrxR, thioredoxin reductase; SelA, selenocysteine synthase; SelD, selenophosphate synthase; Mvh, methyl viologen-reducing hydrogenase; hdr, heterodisulfide oxidoreductase. Details about the genome annotations are provided in Table S3 . may be a source of H 2 , which is an important electron donor in the deep sea (43) . The genes encoding accessory proteins that help synthesize the multicomponent active sites of NiFe hydrogenase were also detected in B3_TA06 (Table S3) .
Physiological capabilities of Asgard archaea from SCS. Heimdallarchaeota, affiliated with Asgard archaea, are of interest because they have been shown to possess eukaryotic signature proteins (ESPs) and are the closest relatives of eukaryotes (25) . We reconstructed a nearly complete MAG of Heimdallarchaeota (B3_Heim) from the sample B3. The ANI values between B3_Heim and those publicly available are in the range of 61.5% to 63.2%, considerably different from those recently recovered (25) . In the B3_Heim MAG, genes encoding the glycolysis and fermentation pathways were present, probably for the production of ethanol, lactate, and acetate. Notably, the Heimdallarchaeota MAG harbored a complete set of genes involved in the TCA cycle and the respiration complexes I, II, and IV. Complex IV was probably centralized on cytochromes c and bd for pumping H ϩ into the periplasma (Fig. 4) . A gene encoding archaeal type III RuBisCO is also present in B3_Heim. CO 2 fixation through this archaeal type III RuBisCO may contribute to AMP and central carbon metabolism (44) . B3_Heim also contains genes encoding pathways for lipid utilization and the fatty acid degradation (beta-oxidation) pathway. Moreover, it also possesses a relatively large variety of peptidase-coding genes (see Fig. S9 ). Genes encoding clostripain (extracellular cysteine peptidase) and membrane dipeptidase/aminopeptidase were found in the SCS MAG (Table S3 ). There are also ABC transporter genes responsible for the uptake of oligopeptide/dipeptide. The results suggest that the B3 Heimdallarchaeota archaea might capture detrital proteins effectively from the environment and influence the marine sedimentary carbon cycle by involvement in detrital protein remineralization (45) . The deep-sea Heimdallarchaeota MAG contains the nitrite reductase (NADH) large subunit nirB gene, suggesting that it is able to reduce NO 2 to NO. Detection of glutamine synthetase and glutamate synthase genes supported the assimilation of ammonia in Heimdallarchaeota. In addition, undetermined nitrile compounds might be catalyzed by nitrilase to generate ammonia and utilized for amino acid synthesis by Heimdallarchaeota (Fig. 4) . Lokiarchaeota is another member of Asgard archaea. Its two MAGs bear the genes for dipeptidase/aminopeptidase and a large variety of other peptidase-coding genes (Fig. S9) . Fatty acid degradation was present in species of Lokiarchaeota, as their MAGs harbor abundant genes that take part in the pathway. Lokiarchaeota may contribute to the reduction of nitrite to nitric oxide, as we detected the genes that encode cytoplasmic nitrite reductase (NirB) (see Fig. S10A ). In the Lokiarchaeota MAG Loki_b32, there was a full set of genes involved in serine and glycine degradation with the release of CO 2 (Fig. S10A) . In addition, genes encoding the W-L pathway were present in the Lokiarchaeota MAGs (Loki_b31 and Loki_b32). Archaeal CO dehydrogenase/CoA synthase (Cdh) is an enzyme functionally similar to bacterial Acs and evolved independently in archaea via convergent evolution (46) . Phylogenetic analyses of the deduced Cdh enzymes revealed that those of Lokiarchaeota formed a novel branch (see Fig. S11A ). Tetrahydrofolate (THF) and tetrahydromethanopterin (THMPT) are both C 1 carriers in the W-L pathway encoded by lokiarchaeotal MAG (CR4) (47) . Lokiarchaeota archaea detected here prefer the THMPT W-L pathway, and the related genes were all identified.
Potential metabolisms of other MAGs in SCS. The Aerophobetes MAGs encode numerous ABC transporters (Fig. S10B) , which might help for the import of carbohydrate, peptide, and other nutrient ions from the milieu (48, 49) . However, they also encode a complete W-L pathway (except for NADP ϩ -dependent formate dehydrogenase) and group 3b hydrogenases (Fig. 5 and Fig. S12 ), as has been reported in Aerophobetes obtained from the Red Sea (26) . We found that most of the deep-sea genotypes in B3 encode the W-L pathway (Fig. S12) . In the W-L pathway, acetyl-CoA synthase (Acs) is a key enzyme that converts CO 2 to acetyl-CoA. Phylogenetic analyses of AcsAB proteins encoded in Aerophobetes MAGs (Ae_b3a and Ae_b3b) revealed that they are adjacent to that from the LCP-89 MAG (B3_LCP), while those of Chloroflexi MAG (B3_Chlor) and Planctomycetes MAG (B3_Pla) were closer to the root (Fig. S11B) . The discovery of autotrophic CO 2 fixation pathways in the B3 organisms indicates that they may be capable of lithoautotrophic growth.
In addition to the capacity to fix inorganic carbon, the microbes in this study are probably able to utilize a variety of organic carbon compounds. The bacterial MAGs in B3 sediments encode a large variety of carbohydrate-active enzymes (CAZys) to degrade organic carbon (Fig. 6) . The Planctomycetes MAG (B3_Pla) bears the highest number of CAZy genes encoding glycoside hydrolases (182 genes) and carbohydrate esterases (38 genes), among which, ␣-N-acetylgalactosaminidase (GH109) is the dom- inant group. In contrast, the Chloroflexi MAG (B3_Chlor) is enriched with genes encoding glycosyl transferase CAZy families of GT2, GT4, and GT83. In addition, genes involved in fatty acid degradation (beta-oxidation) pathways were identified in the Chloroflexi MAG.
The utilization of organic matter and the W-L pathway coexisted in some of the B3 organisms, indicating flexibility in their abilities to assimilate carbon and energy conservation in the niche (27) . Acetyl-CoA produced in the W-L pathway is not only for biomass production but also associated with ATP generation (such as via the PTA-ACK pathway to produce ATP) (38, 50) . The presence of genes encoding W-L and PTA-ACK pathways in the Aerophobetes MAG (Ae_b3a) and Planctomycetes MAG (B3_Pla) indicated additional ATP generation in the species. Organic matter degradation may generate CO 2 , NADH, and reduced ferredoxins. All these could be utilized by the W-L pathway. In addition, the Rnf complex helps to balance NAD ϩ /NADH and ferredoxin (ox/red), as well as to enhance the ion gradient for energy conservation (27) . A complete set of Rnf-coding genes was also detected in Aerophobetes MAG (Ae_b3a) (Fig. S10) and Planctomycetes MAG (B3_Pla) (data not shown), while in the Aerophobetes MAG (Ae_b3b), only the genes encoding RnfABC subunits were identified (Ae_b3b) (data not shown). The combination of organic matter fermentation, W-L pathway, and the Rnf complex could balance redox stoichiometry and generate an electrogenic sodium ion potential for ATP production (27) , which may help these microorganisms achieve fitness in the niche. The Chloroflexi MAG (B3_Chlor) lacks genes for the PTA-ACK pathway and Rnf complex. Thus, the W-L pathway in Chloroflexi might contribute biomass. We also obtained a small (ϳ1 Mbp) MAG belonging to Woesearchaeota (B3_Woes). Although the completeness of the Woesearchaeota MAG is 97.7%, it lacks most of the genes for protein, glycerolipid, and fatty acid degradation. This is consistent with the proposed symbiotic life of these archaea (31) . However, the Woesearchaeota MAG in this study contained genes encoding archaeal type III (RuBisCO) (data not shown). It is likely that the species of Woesearchaeota in B3 could provide its symbiont with a carbon source.
Possible functional interconnectivities in the B3 community. Functional predictions of the metabolic pathways in these MAGs from the SCS provide our first glimpses into roles of these distinct microbes in carbon cycling (Fig. 7) . Overall, the ability to use inorganic carbon is common among these lineages. H 2 utilization in the W-L pathway is assisted by hydrogenases (43) . Except for LCP-89, all the microorganisms that contained the W-L pathway in this study also harbor NiFe hydrogenases. The TA06 and B38 bacteria, which are probably not able to conduct autotrophic CO 2 fixation, might serve as H 2 providers.
The microorganisms in the B3 sediments were predicted to be capable of the anaerobic respiration of nitrate, selenite, and sulfate. Electronic acceptors, such as nitrate and sulfate, possibly came from the downward circulation of benthic water (1). The reduction of nitrate to nitric oxide might be accomplished by the cooperation among species of LCP-89, Heimdallarchaeota, and Lokiarchaeota (Fig. 7) . The reduction of sulfate to H 2 S was probably solely carried out by the LCP-89. Considering the net product of the predicted metabolic network, the microbes in B3 were probably converting sulfur and nitrogen oxides to the reductive compounds (sulfide and nitric oxide).
Transcriptional activity of lineages in the SCS sediments. Sequencing of the B3-1 and B3-2 metatranscriptomes generated ϳ5.2 Gbp and ϳ4.0 Gbp raw data, respectively. After removal of rRNA transcripts, repeats, low-quality reads, and contaminants, there remained ϳ0.21-Gbp and ϳ0.66-Gbp transcripts for B3-1 and B3-2, respectively. To deduce the transcriptional profile of the 11 MAGs, the transcriptomic reads of B3-1 and B3-2 were independently mapped to the coding sequences (CDSs) of the 11 MAGs. The transcriptomic reads from B3-1 were primarily recruited to B3_Chlor (Chloroflexi) (49.5%) and Ae_b3a (Aerophobetes) (37.6%). A total of 55.1% of the transcripts from B3-2 were assigned to B3_Chlor and 25.8% to Ae_b3a (see Fig. S13A ). This suggests that Chloroflexi and Aerophobetes genomes were the most active among B3 MAGs. Fragments per kilobase of transcript per million fragments mapped (FPKM; an estimate of transcriptional level) were calculated for all the genes from these 11 organisms in both B3 layers (see Fig. S14 and Table S4 ).
The CAZy utilization pathways were detectable in all the bacterial transcriptomes (Fig. 6) . A total of 92% of the B3_Chlor (Chloroflexi) CAZy genes were identified in the B3-1 transcriptome, and 46% of the Ae_b3a (Aerophobetes) CAZy genes were identified; fewer genes from archaeal MAGs were detected. In the B3-2 transcriptome, the number of these CAZy genes decreased, and for archaeal MAGs, only one gene belonging to AA4 family from Loki_b31 was found (Fig. 6) . Most CAZy genes of Ae_b3a (Aerophobetes) and B3_Chlor (Chloroflexi) were probably expressed in both layers (see Table S5 ), as suggested by the presence of their transcripts. These genes were more transcriptionally active in Ae_b3a than B3_Chlor in the B3-1 layer based on RNA FPKM/DNA FPKM (Table S5 ). The transcripts for alpha-mannosidase (GH38), beta-galactosidase (GH2), and alpha-rhamnosidase (CBM67) belonging to Ae_b3a (Aerophobetes) were abundant in B3-1 (Table S5) , indicating these carbohydrate-degrading activities were much stronger in B3-1 than in B3-2.
Genes encoding Acs subunit alpha/beta and formate-tetrahydrofolate ligase were also detected in B3_Chlor (Table S4 ), suggesting that some of the Chloroflexi bacteria may be also fixing CO 2 . Additionally, the presence of F420-nonreducing hydrogenase transcripts in the B3-1 transcriptome is supportive of H 2 metabolism in the Chloroflexi bacteria. Transcriptomics data also indicated the expression of several subunits of the Rnf complex and the NADH:ubiquinone oxidoreductase (complex I) in Aerophobetes MAGs (Ae_b3a and Ae_b3b) ( Table S4 ), indicating that Aerophobetes may rely on these processes for energy conservation. The W-L pathway (Acs subunits, group 3b bifunctional Ni/Fe hydrogenase alpha subunit, and formate-tetrahydrofolate ligase) was also transcriptionally active in Ae_b3a, while only the Acs delta subunit and Ni/Fe hydrogenase alpha subunit transcripts were identified in Ae_b3b (Table S4) . Also, transcripts for MAG Ae_b3a ABC transporter genes predicted to be involved in the transport of sugars, peptides, branched-chain amino acids, and iron were abundant (Fig. S10B) . The Rnf complex, heterotrophic potential, and W-L pathway were simultaneously active in Aerophobetes detected here. As described above, the integration of the three modules would provide more ATPs for this Rnf-dependent acetogen (27) . This may explain why the Aerophobetes bacteria (harboring Ae_b3a) were more abundant than other microbes in B3.
For the candidate phyla B38, TA06, LCP-89, Lokiarchaeota, and Heimdallarchaeota, a small number of genes was detected in the metatranscriptomes, which is comparable to their low abundance in the metagenome (Fig. S13B) . Transcripts of the NiFe hydrogenase gene were found in B3-1 transcriptomes and were assigned to Lokiarchaeota and TA06 (Table S4 ). This indicates that these organisms were probably actively metabolizing H 2 .
Conclusions. Although the genomes of several uncultured prokaryotic lineages have been obtained from shallow sediments in recent years (11, 25, 51) , we know little concerning the organisms that inhabit the deep ocean sediments. In this study, we obtained MAGs and transcriptomes of 11 distinct deep-sea microbes belonging to nine distinct phyla. Among the lineages, there are metabolic reconstructions of representatives of the candidate phyla LCP-89, TA06, and B38. LCP-89 appears to be involved in the reduction of selenium, nitrogen, and sulfur oxides. LCP-89 and Heimdallarchaeota may degrade detrital proteins by extracellular cysteine proteinase and aminopeptidase. B38 and TA06 are predicted to produce H 2 , with the identification of hydrogenase in the MAGs. Simultaneously, these organisms are versatile, utilizing a variety of organic carbon compounds in deep-sea sediments. Surprisingly, nearly all the organisms appear to have the capacity to assimilate inorganic carbon for the self-sustainability of the ecological niche, highlighting the critical role of H 2 -producing microbes in the nutrient-deprived deep-sea sediments. These microorganisms play different roles in utilizing inorganic carbon and scavenging diverse organic compounds involved in the deep-sea carbon cycle. Overall, the MAGs recovered here contributed undescribed species to the tree of life and laid the foundation for future study on these novel phyla persisting in marginal sediments of the SCS.
MATERIALS AND METHODS
Sample collection and measurement of mineral contents. During a cruise on board the R/V SHIYAN 3, a gravity core (43 cm) was collected on 15 July 2015 from north of the SCS (22°10.18=N, 118°24.00=E), 1,100 m below sea level. Sediment samples were obtained from two layers of the core. The upper layer, B3-1, was estimated to be 30 cm below the sea floor, and the lower layer, B3-2, was ϳ10 cm deeper than B3-1. All the samples were collected rapidly from the innermost of the core with sterile instruments, placed in sterile tubes, and then kept at Ϫ80°C until use. Approximately 50 g of the sediment samples was mixed with RNAlater (Ambion, Carlsbad, CA, USA), stored at 4°C overnight, and then frozen at Ϫ80°C for further processing.
Mineral contents of the samples were analyzed by X-ray diffraction (XRD) conducted on a diffractometer system, XPERT-PRO (Cu K␣ radiation at 45 kV and 40 mA; goniometer was PW3050/60 [theta/ theta], scanning from 3°to 85°with 0.03 step size°[°2Th]). Diffraction angles were unique to each mineral with different atomic structures. The constitution of minerals was converted to weight percent.
Nucleic acid extraction. Genomic DNA was extracted from 10 g (wet weight) of each sample using the PowerMax Soil DNA Isolation kit (Mo Bio, Carlsbad, CA, USA), according to the manufacturer's standard protocol. RNA was extracted from the samples preserved in RNAlater using a PowerSoil Total RNA Isolation kit (Mo Bio, Carlsbad, CA, USA). RNase-and DNase-free sterile tubes and tips were used in the operation to avoid contaminants from the environment. DNA in the RNA extractions was removed by a Turbo DNA-free kit (Ambion, Carlsbad, CA, USA) and was checked by PCR using universal primer 341F (5=-CCTAYGGGRBGCASCAG-3=) and reverse fusion primer 802R (5=-TACNVGGGTATCTAATCC-3=) targeting V3-V4 region of 16S rRNA genes (52) . The primers were examined in Silva (https://www.arb -silva.de/) for primer coverage of Asgard archaea and novel bacterial phyla. Subsequently, cDNA was obtained by Ovation RNA-Seq System V2 kit (NuGEN, San Carlos, CA, USA), and purified using a MinElute Reaction Cleanup kit (Qiagen, Hildon, Germany). A blank control (sterile water) was included in this step. The quality and quantity of genomic DNA and cDNA were checked by gel electrophoresis and a Qubit 2.0 fluorometer (Invitrogen, Carlsbad, CA, USA).
16S rRNA gene amplicon sequencing and bioinformatics analyses. Using the genomic DNA as the template, the universal primers 341F and 802R with a 6-nucleotide barcode were used to amplify partial 16S rRNA genes. The PCR was executed as follows: denaturation at 98°C for 10 s, 30 cycles of denaturation at 98°C for 10 s, annealing at 50°C for 15 s, and extension at 72°C for 30 s, and with a final extension at 72°C for 5 min. Illumina libraries for the 16S rRNA gene amplicons were prepared with a TruSeq Nano DNA LT kit (Illumina, San Diego, CA, USA) and sequenced on an Illumina MiSeq platform (2 ϫ 300 bp). Raw reads were separated for different samples based on the barcode information and filtered by NGS QC Toolkit (v2.3.3) (53) with default parameters (base quality Ͻ20 for Ͼ70% of a given read), followed by merging paired reads with PEAR (v0.9.5) (54). The resulted fragments were processed with the QIIME pipeline (55) . First, fragments with similarity Ͼ97% were clustered into OTUs by UCLUST (56) . The longest fragment in each OTU was picked as the representative read and used for alignment with the references in the Silva database (version 128) by PyNAST (57) . Chimeric reads were discarded based on the detection result of ChimeraSlayer (58) . Taxa assigned to chloroplast, mitochondria, and eukaryotes were ignored. Taxonomy assignment of representative reads was finally performed by online SILVAngs (https://www.arb-silva.de/ngs) with default settings.
Metagenomic sequencing and de novo assembly. The genomic DNA was sheared randomly to ϳ500 bp by ultrasonication. DNA libraries were prepared with a TruSeq Nano DNA LT kit (Illumina, San Diego, CA, USA) and sequenced on an Illumina MiSeq platform (2 ϫ 300 bp), yielding 27-Gbp raw paired-end reads. Quality control of raw reads was initiated by removing reads that contained adaptors or were associated with a low average quality (Ͻ20 over 70% of the reads) using NGS QC Toolkit (v2.3.3) . The bases in low quality (Ͻ20) at both ends were trimmed. The resulted reads shorter than 50 bp were ignored. The high-quality paired reads of samples B3-1 and B3-2 were coassembled into scaffolds by SPAdes (v3.6.2) (59) with parameters "-careful -k 21, 33, 55, 77, 99, 127."
Genome binning. The coverage of scaffolds was calculated by mapping qualified reads to the assembled scaffolds using Bowtie 2 (v2.2.4) with default settings (60) . Genome binning was performed according to the protocol described in reference 61. A two-dimensional plotting could split the scaffolds with different coverage levels in B3-1 and B3-2, and then correspondence analysis (CA) might exclude potential contaminants by checking the consistency of tetranucleotide frequencies (TNF) among the scaffolds. Conserved single-copy genes (CSCGs) were identified using hmmsearch (v3.0) with default cutoffs (62) . The CSCG data set for bacteria was provided by Albertsen et al. (61) , while for archaea, the data set was described by Wang et al. (63) . A final assessment of the completeness and contamination was conducted using CheckM (v1.0.5) (64) .
Annotation of MAGs. In addition, CDS and proteins in scaffolds were predicted by Prodigal (v2.6.2) with metagenome mode (65) . Functional predictions of proteins were accomplished by comparisons using BLASTP search against protein databases, including NCBI-nr, CAZy (66), KEGG (67) , and MEROPS (merops.sanger.ac.uk) with an E value cutoff of 1eϪ05. tRNA genes were predicted by tRNAscan-SE (v1.3.1) (68) with different models for bacteria and archaea.
Metatranscriptome sequencing and analysis. The cDNA libraries for B3-1, B3-2, and the blank control were prepared with an Ovation Ultralow System V2 kit (NuGEN, San Carlos, CA, USA) and were then sequenced on an Illumina MiSeq platform. Quality control of raw reads included the following steps: filtration of reads containing adaptors, exclusion of reads with ambiguous bases, removal of reads with average quality lower than 20 over 70% of the length, and deletion of reads with poly(T), poly(A), and poly(AT) content more than 50% of the length and those less than 50 bp by in-house scripts. Then, the reads for the blank control were assembled by Trinity (v2.3.2) (69). The potential contaminant reads in B3-1 and B3-2 were searched by aligning them on the assembled fragments of the blank control using Bowtie 2 (v2.2.4) (with parameters -N 1, -local). The contaminants were further removed by searching against a database containing genomes for the species potentially detected in reagents (70) . rRNA genes were identified by SortMeRNA (v2.1) (71) and then excluded. Transcriptome reads were sorted for the CDSs belonging to the different genome bins by mapping the quality-filtered reads on the CDSs using Bowtie 2 (v2.2.4) with default settings. Expression level of the genes was reported in fragments per kilobase of transcript per million fragments mapped (FPKM) (72) performed by RSEM (v1.2.9) (73) (with parameters -fragment-length-mean 160 -fragment-length-sd 110).
Phylogenetic analysis of 16S rRNA and conserved genes. The 16S rRNA genes were identified in the genomes using rRNA_HMM (74) . An initial placement of the 16S rRNA genes in phylogenetic tree was performed by combining the sequences with all the references from the Silva database (version 125) for inference of phylogenetic relationships (75) . We collected a total of 984 rRNA sequences representing 89 phyla (73 for Bacteria and 16 for Archaea) in the Silva database. The alignment of the sequences was performed using MAFFT L-INS-i (v7.294b) (76) . Poorly aligned regions were trimmed by trimAl (v1.4) (with parameter -automated1) (77) . A phylogenetic tree was constructed by maximum likelihood (ML) algorithm using raxmlGUI (v1.5) (78) with GTRGAMMA model for 1,000 replicates. The reference rRNAs with phylogenetic affinity to our 16S rRNA genes were selected for the construction of a new ML tree. Together with the sequences from the MAGs, a total of 157 16S rRNA genes that represented 41 different prokaryotic phyla were pooled to build the tree with the same method. Reference microorganisms and accession numbers used for 16S rRNA gene phylogenetic analysis are shown in Table S6 in the supplemental material. Genomes of the selected phyla were obtained to build a protein-based phylogenetic tree. The genomes used for the phylogenetic analysis can be downloaded from NCBI (Table S2) . A total of 24 ribosomal proteins (see Table S2 ) shared by Bacteria and Archaea were identified in the MAGs and the reference genomes. The ribosomal proteins were first aligned with MAFFT L-INS-i (v7.294b) and then concatenated, which was followed by treatment with trimAl (v1.4). A phylogenetic ML tree was built using raxmlGUI (v1.5) with PROTCATLG model for 1,000 replicates.
Data availability. Data supporting the results of this article have been deposited in NCBI under BioProject number PRJNA383916. The SRA accession for sequence reads for 16S rRNA amplicons is SRR5685235, and genome accessions are NJBQ00000000 (Ae_b3a), NJBP00000000 (Ae_b3b), NJBO00000000 (B3_TA06), NJBN00000000 (B3_LCP), NJBM00000000 (B3_Pla), NJBL00000000 (B3_B38), NJBK00000000 (B3_Chlor), NJBI00000000 (Loki_b31), NJBH00000000 (Loki_b32), NJBG00000000 (B3_Woes), and NJBF00000000 (B3_Heim).
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